Two-component signal transduction involves phosphoryl transfer between a histidine kinase sensor and a response regulator effector. The nitrate-responsive two-component signal transduction systems in Escherichia coli represent a paradigm for a cross-regulation network, in which the paralogous sensor-response regulator pairs, NarX-NarL and NarQ-NarP, exhibit both cognate (e.g. NarX-NarL) and non-cognate (e.g. NarQ-NarL) interactions to control output. Here, we describe results from bacterial adenylate cyclase two-hybrid (BACTH) analysis to examine sensor dimerization as well as interaction between sensor-response regulator cognate and non-cognate pairs. Although results from BACTH analysis indicated that the NarX and NarQ sensors interact with each other, results from intragenic complementation tests demonstrate that they do not form functional heterodimers. Additionally, intragenic complementation shows that both NarX and NarQ undergo intermolecular autophosphorylation, deviating from the previously reported correlation between DHp (dimerization and histidyl phosphotransfer) domain loop handedness and autophosphorylation mode. Results from BACTH analysis revealed robust interactions for the NarX-NarL, NarQ-NarL and NarQ-NarP pairs but a much weaker interaction for the NarX-NarP pair. This demonstrates that asymmetrical cross-regulation results from differential binding affinities between different sensor-regulator pairs. Finally, results indicate that the NarL effector (DNA-binding) domain inhibits NarX-NarL interaction. Missense substitutions at receiver domain residue Ser-80 enhanced NarX-NarL interaction, apparently by destabilizing the NarL receiver-effector domain interface.
INTRODUCTION
Anaerobic metabolism in Escherichia coli is regulated in part by dual nitrate-and nitrite-responsive twocomponent signal transduction systems, comprised of the sensor-response regulator pairs NarX-NarL and NarQNarP. Signal transmission within each cognate pair proceeds via histidyl-aspartyl phosphotransfer from the sensor transmitter module to the response regulator receiver domain, resulting in target operon activation or repression. The sensor and regulator components share substantial similarities in structure and function, and interact closely in a global cross-regulation network that differentially controls target operon expression in response to nitrate and nitrite (Stewart & Rabin, 1995) .
The paralogous response regulators NarL and NarP share co-linear amino acid sequences of about 215 residues, in which the amino-terminal receiver domain (120 residues) is connected via a linker to the carboxyl-terminal GerE family helix-turn-helix DNA-binding domain (50 residues). The sequences for both domains share 48% identity, whereas the linker sequences are divergent. Receiver phosphorylation by the sensors results in effector domain dimerization, enhancing affinity for DNA binding Maris et al., 2002) . The two proteins recognize dissimilar DNA-binding site architectures (Darwin et al., 1997) , contributing to differential target operon control.
The paralogous sensors NarX (598 residues) and NarQ (566 residues) likewise share identical architecture and about 30% overall sequence identity (Stewart, 2003) . Each contains two transmembrane helices that delimit a periplasmic dimer of symmetrical four-helix bundles, with the nitrate-binding site at the dimer interface (Cheung & Hendrickson, 2009 ). The cytoplasmic portions include a dimeric four-helix bundle HAMP domain (histidine kinases, adenylyl cyclases, methyl-accepting cyclases and certain phosphatases) that converts input signal to output response (Parkinson, 2010) ; a GAF-like domain (cGMP-specific phosphodiesterases, certain adenylate cyclases and FhlA) of unknown function (Heikaus et al., 2009) ; and a transmitter module comprising an amino-terminal DHp (dimerization and histidyl phosphotransfer) domain connected to a carboxylterminal CA (catalytic and ATP-binding) domain. The DHp domain is a homodimeric bundle of two antiparallel helix-turn-helix subunits (Gao & Stock, 2009) (Fig. 1a) , in which the a1 helices contain most of the interaction and specificity determinants for binding the cognate response regulator receiver domain (Podgornaia & Laub, 2013) . The NarX and NarQ sensors both are classified in the HPK7 transmitter subfamily (Grebe & Stock, 1999) , which corresponds to the Pfam database HisKA_3 DHp domain subfamily (Punta et al., 2012) .
Due to their multiple interactions with functional consequences on gene expression, the NarX-NarL and NarQNarP systems are an excellent model for studying cross-regulation in two-component signalling (Laub & Goulian, 2007) . We set out to characterize intra-and intermolecular interactions between these cognate pairs, in order to gain insights into specificity and cross-regulatory determinants. For this purpose, we employed the BACTH method (bacterial adenylate cyclase two-hybrid) (Karimova et al., 1998) , a widely used genetic approach for monitoring protein-protein interactions (Stynen et al., 2012) . This assay reconstitutes Bordetella pertussis CyaA activity from trypsin-defined amino-terminal and carboxyl-terminal subdomains of 25 and 18 kDa, respectively (Guo et al., 2005) . Interaction between T25 and T18 hybrid proteins generates cAMP, which activates lacZYA operon expression in an E. coli Dcya host strain lacking endogenous adenylate cyclase activity (Brickman et al., 1973) . The BACTH method is particularly well-suited for analysing cytoplasmic membrane proteins (Karimova et al., 2005) , because the two-hybrid interaction does not have to take place near the transcription complex as is required for most other interaction assays, including the yeast two-hybrid method (Stynen et al., 2012) .
The magnitude of IPTG-induced lacZYA operon expression depends upon cAMP concentration over the nonsaturating range (Wanner et al., 1978; You et al., 2013) . Thus, LacZ activity in the BACTH assay can be taken as a measure of protein interaction strength (Karimova et al., 2005) . Indeed, BACTH output levels correlate with results from surface plasmon resonance analysis of interaction between VirB components (Sivanesan et al., 2010) . On the other hand, BACTH measurements are conducted with stationary phase cultures and thus reflect long-term cAMP accumulation, report interactions between hybrid proteins expressed from multicopy plasmids and depend on protein stability and conformation.
Although the NarX and NarQ sensors independently detect nitrate and phosphorylate the NarL and NarP response regulators, they exhibit different specificity for their signal ligands and target proteins. NarX is specialized, responding preferentially to nitrate and displaying kinetic preference for NarL, whereas NarQ is generalized, responding to both nitrate and nitrite and phosphorylating both response regulators with similar kinetics Williams & Stewart, 1997b) (Fig. 1b) .
Here, we describe experimental results demonstrating that NarX and NarQ do not form functional heterodimers, that relative affinity provides the basis for observed sensorresponse regulator kinetic preferences and that the NarL DNA-binding domain modulates the cognate interaction between NarX and NarL.
METHODS
Molecular cloning. Full-length and truncated nar alleles were amplified by PCR with oligonucleotide primers containing restriction endonuclease sites for subsequent cloning into plasmid vectors . Oligonucleotide-directed site-specific mutagenesis also was performed by PCR as described previously . After cloning, amplified regions were subjected to chain-termination DNA sequence analysis, performed by the UC Davis College of Biological Sciences DNA sequencing facility, to ensure that no spurious alterations were introduced.
Functionality of narX and narQ constructs was tested by complementation of the narX narQ double null alleles in the W(narG-lacZ) host strain VJS11210, whereas functionality of narL and narP constructs was tested by complementation of the narL narP double null alleles in Residues identical and similar between NarX and NarQ are shown in yellow and cyan, respectively. Dissimilar residues, shown in red, provide specificity determinants both for homodimer formation and for response regulator interaction. (b) Interactions in the NarX-NarL and NarQ-NarP cross regulation network. The dashed arrow represents relatively low phosphoryltransfer rates between NarX and NarP. Adapted from Noriega et al. (2010) . (Table 1) , as described previously Williams & Stewart, 1997a) .
BACTH assay: strains and plasmids. Host strains for BACTH assays (Table 1) carry the Dcya-854 allele (Brickman et al., 1973) , and are derivatives of strain VJS623, a W1485 F -isolate (Stewart & Parales, 1988) . Strains were constructed by bacteriophage P1-mediated generalized transduction (Miller, 1972) , and carry our laboratory's standard null alleles for nar regulatory genes .
The BACTH assay employs moderate copy number p15A replicon plasmids (Chang & Cohen, 1978) for making T25 hybrids (plasmids pKNT25 and pKT25), and high copy number pMB9 replicon plasmids (Lin-Chao et al., 1992) for making T18 hybrids (plasmids pUT18 and pUT18C) ( Table 1 ). The two replicons, both of the ColE1 type, are fully compatible (Chang & Cohen, 1978) . These plasmids were purchased from Euromedex. In order to avoid potential artefacts resulting from high-level expression of NarX-T18 and NarQ-T18 hybrid proteins (Gueguen et al., 2011) , we cloned the T18-encoding fragment into an intermediate copy number pMB9 replicon vector (Stewart et al., 1986) , creating plasmid pVJS5317.
To construct NarX-CyaA and NarQ-CyaA hybrids, the narX and narQ genes were amplified by PCR and cloned as Hin dIII-Eco RI fragments at the 59-ends of the T18-and T25-encoding fragments in plasmids pVJS5317 and pKNT25, respectively. Oligonucleotide primers for narX were LLC2907 (Hin dIII) and LLC2908 (Eco RI), and those for narQ were LLC2914 (Hin dIII) and LLC2915 (Eco RI) ( Table 1 ). The upstream (Hin dIII) primers were designed to place the narX and narQ initiation codons in-frame in the cyaA polylinker sequence, which lies just downstream of the native lacZ gene transcription and translation initiation signals. Accordingly, the nar-cyaA hybrid genes encode an amino-terminal octapeptide (MTMITPSL) at the amino-termini of the native NarX and NarQ sequences. The downstream (Eco RI) primers fuse the last codon of the narX and narQ sequences in-frame to the polylinker sequence upstream of the cyaA initiation codon.
An analogous strategy was used to construct the NarL-T18 and NarL-T25 hybrids, employing oligonucleotide primers LLC2963 (Hin dIII) and LLC 2965 (Eco RI) ( Table 1) . These encode the same aminoterminal octapeptide sequence as described above.
The NarL REC -T18 hybrid was constructed by cloning PCR-amplified narL sequence spanning codons 1-142 as an Xba I-Eco RI fragment into plasmid pUT18. Oligonucleotide primers were TNH3469 (Xba I) and TNH3470 (Eco RI) ( Table 1 ). The resulting narL RECcyaA hybrid gene encodes an amino-terminal hexadecapeptide (MTMITPSLHACRSTLE) derived from the polylinker sequence.
To construct CyaA-NarL and CyaA-NarP hybrids, the narL and narP genes were amplified by PCR, and cloned as Sac I-Cla I fragments at the 39-end of the T18-encoding fragment in the high copy number plasmid pUT18C in order to mimic the relatively higher cellular concentration of response regulators relative to sensors (Ishihama et al., 2014; Wayne et al., 2010) . Oligonucleotide primers were designed to place the nar sequence in-frame with the cyaA and polylinker sequence, and to utilize the ochre (TAA) codon just downstream from the Cla I site in plasmid pUT18C. Hence, the resulting nar-cyaA hybrid genes encode a carboxylterminal pentapeptide (SNSSI). The upstream (Sac I) primers were TNH3471 and TNH3485 for narL-cyaA and narP-cyaA hybrids, respectively (Table 1 ). The downstream (Cla I) primers were TNH3472 and TNH3475 for narL-cyaA and narL REC -cyaA hybrids, respectively, and TNH3486 and TNH3487 for narP-cyaA and narP REC -cyaA hybrids, respectively (Table 1) .
Intragenic complementation assay: strains and plasmids. The host strain VJS11210 (Table 1) carries the nitrate-inducible W(narGlacZ) gene fusion in monocopy at the bacteriophage l attachment site, null alleles for both narX and narQ, and the pcnB1 mutation that reduces ColE1-type plasmid copy number to approximately one per cell (Williams & Stewart, 1997b) . WT and mutant narX and narQ genes are cloned into the compatible medium copy number vectors pHG165 (Stewart et al., 1986) and pSU18 (Bartolomé et al., 1991) .
Culture media and conditions. Defined medium to grow cultures for enzyme assays was buffered with MOPS as described previously (Stewart & Parales, 1988) . Glucose was added at 80 mM. NaNO 3 (40 mM) was added as indicated. IPTG was included at 0.5 mM in cultures grown for BACTH assays. TY broth contained tryptone (8 g L -1 ), yeast extract (5 g L -1 ) and NaCl (5 g L -1 ).
Plasmid-containing strains were cultured in medium prepared by mixing equal volumes of defined (MOPS) and complex (TY) media. This medium produces a favourable combination of rapid growth and robust response to nitrate (10). Antibiotics were added as appropriate to maintain selection for plasmid-bearing cells: ampicillin (Ap; 100 mg ml -1 ), chloramphenicol (Cm; 25 mg ml -1 ) and kanamycin (Km; 50 mg ml -1 ). (Karimova et al., 1998) .
Enzyme assay. b-Galactosidase activities were measured in CHCl 3 -SDS-permeabilized cells (Miller, 1972) . Assays were performed at room temperature, approximately 21 uC. Reported values for BACTH assays are mean values of at least three independent cultures grown on different days, whereas those for W(narG-lacZ) and W(napF Hi -lacZ) assays are mean values of at least two independent cultures grown on different days. Each culture was assayed in duplicate, with one assay reaction containing twice as much cell extract as the other.
Specific activities are calculated in arbitrary (Miller) units (Miller, 1972) . Graphical data are normalized relative to the value obtained in the same experiment for the T25-Zip and Zip-T18 control hybrids, typically about 3500 Miller units.
DHp domain model. The NarX DHp domain model (Fig. 1a) was constructed in SWISS-MODEL (Bordoli et al., 2009) , and is based on the X-ray structure of the homologous DesK sensor (Albanesi et al., 2009) , PDB accession number 3EHJ.
RESULTS AND DISCUSSION

NarX and NarQ homomeric interaction
We first evaluated the properties of NarX-CyaA and NarQCyaA hybrid proteins. The sensor amino-terminus is close to the cytoplasmic membrane and the dimer interface, so we fused the CyaA T25 and T18 subdomains to the carboxyl-terminus. Hybrid proteins were expressed from the native lacZ gene transcription and translation initiation signals, and were encoded on medium copy number plasmids for balanced gene dosage. Note that other transmembrane sensors may require different fusion points. For example, DcuS-CyaA hybrids conferred toxicity to the host strain, whereas CyaA-DcuS hybrids were stable and functional (Scheu et al., 2012) .
In order to determine if the fusion proteins retain normal sensor activity, we measured W(narG-lacZ) induction in response to nitrate. Results for both the NarX-T25 and NarX-T18 were indistinguishable from those for native NarX (Fig. 2a) . Analogous results were obtained for the corresponding NarQ-CyaA hybrids (not shown). We additionally examined two different mutational alterations, both within the transmembrane signalling module, that affect NarX nitrate response. The R54K substitution at the nitrate-binding site results in the uninducible phenotype (Williams & Stewart, 1997b) , whereas the dual S43C plus T145C substitutions result in the constitutive phenotype (T. N. Huynh and V. Stewart, unpublished) . Overall, these tests confirm that the hybrid proteins were stable and functional.
BACTH assay functionality is documented by the T25-Zip and Zip-T18 hybrids, in which leucine zipper elements form dimeric coiled-coils to mediate strong CyaA subdomain interaction (Karimova et al., 1998) . The NarX-T25 plus NarX-T18 hybrids generated a similarly high level of BACTH output, as did the NarQ-T25 plus NarQ-T18 hybrids (Fig. 3) . Thus, both NarX and NarQ displayed robust homodimeric interaction, as anticipated. 
NarX and NarQ heteromeric interaction
We observed high-level BACTH output in cultures coexpressing either NarX-T25 plus NarQ-T18 or NarX-T18 plus NarQ-T25 hybrid proteins (Fig. 3) . This result is consistent with two distinct hypotheses (Goodman et al., 2009 ): (A) sensor monomers associate to form heterodimers and (B) sensor homodimers associate to form hetero-oligomers.
We conducted intragenic complementation experiments in order to distinguish these hypotheses. Intragenic complementation can occur for multidomain gene products when two alleles inactivate different domains (Yanofsky et al., 1971) . Yang & Inouye (1991) applied this logic to the sensor transmitter domain, demonstrating intragenic complementation between alleles that inactivate either the DHp or the CA domain. For the narX and narQ genes, we used missense substitutions that remove the DHp domain phospho-accepting His residue (residues His-399 and His-370 in NarX and NarQ, respectively) together with substitutions that abolish CA domain function (residues His-513 and His-484, respectively) (Huynh et al., 2010) . Allele pairs were expressed from the compatible plasmids pHG165 and pSU18 (Table 1) , and sensor function was examined in a W(narG-lacZ) DnarX DnarQ double null strain background.
Pairs that result in homodimer formation (narX-narX or narQ-narQ) yielded the expected results, as substitutions in the different domains complemented each other (Table 2; lines 11-12 and 22-23). Contrariwise, for pairs that would result in heterodimer formation (narX-narQ), the different substitutions failed to complement (Table 3 ; lines 15-18). Although complemented expression did not reach the WT level in some instances, the large W(narG-lacZ) induction ratio allows even these cases to be clearly distinguished from non-complementation (e.g. Table 2 lines 9-12).
These results provide clear evidence that, despite their sequence similarity, NarX and NarQ do not form functional heterodimers. Prior studies with the paralogous EnvZ and RstB revealed an exquisite specificity of these sensors to form homodimers, and showed that many homodimer specificity determinants reside in the membrane-distal base of the DHp domain (Laub & Goulian, 2007) . Indeed, this region displays the highest number of dissimilar residues between the NarX and NarQ DHp sequences (Fig. 1a) . Moreover, there likely are other specificity determinants to inhibit formation of NarX-NarQ heterodimers, including the dimeric HAMP domain. Finally, as discussed previously (Williams & Stewart, 1997a) , there are no existing data to suggest a functional role for NarX-NarQ heterodimers.
Therefore, the two-hybrid interaction between NarX and NarQ ( Fig. 3) results from close proximity of NarX 2 and NarQ 2 homodimers. It is possible that they form heterologous clusters, as shown for the paralogous CitA and DcuS sensors (Scheu et al., 2008) . Heteromeric chemoreceptor clusters have documented roles in signalling (Hazelbauer et al., 2008) . However, the physiological function for heteromeric sensor clusters remains obscure (Scheu et al., 2012) . Perhaps the association revealed by BACTH analysis is instead an artefact resulting from artificially high expression levels.
NarX and NarQ sensors undergo intermolecular autophosphorylation
The transmitter autokinase reaction initially was thought to occur exclusively by transfer of c-phosphate from the ATP-bound CA domain of one subunit to the DHp domain of the opposite subunit in a dimer. This mechanism is demonstrable in vitro for NtrB (Ninfa et al., 1993) , CheA (Swanson et al., 1993) and EnvZ (Cai & Inouye, 2003) among others. However, intramolecular phosphate transfer within a subunit was later observed for PhoR, HK853 (Casino et al., 2009) and ArcB (Peña-Sandoval & Georgellis, 2010) . Subunit exchange analysis of EnvZ and PhoR orthologues suggests that the autophosphorylation mode is determined by the handedness of the loop connecting DHp helices a1 and a2 (Ashenberg et al., 2013) .
In particular, sensors with right-and left-handed loops are predicted to undergo intermolecular and intramolecular autophosphorylation, respectively.
The Bacillus subtilis thermosensor DesK appears to deviate from this rule. Structural analysis and cross-linking experiments document intermolecular sensor autophosphorylation (Albanesi et al., 2009; Trajtenberg et al., 2010) , even though its DHp domain loop is left-handed (Ashenberg et al., 2013) . However, unlike the HisKA (HPK1-4) family DHp domains described above, the DesK DHp domain is in the distinct HisKA_3 (HPK7) family together with NarX and NarQ (Grebe & Stock, 1999) . Indeed, the three DHp domain sequences, including the loop regions, are co-linear.
Intragenic complementation results described above for both NarX and NarQ homodimers are compatible only with the intermolecular autophosphorylation mechanism (Yang & Inouye, 1991) , in accordance with the structural and biochemical data for DesK (Albanesi et al., 2009; Trajtenberg et al., 2010) . This highlights the substantial differences in detail for reaction mechanisms employed by the two transmitter sequence families (Huynh et al., 2010) .
Sensor -response regulator interactions
Satisfied that we understood the behaviour and properties of sensor-CyaA hybrids, we next used BACTH analysis to characterize sensor-response regulator interactions. We made CyaA fusions with both full-length response regulators and their liberated receiver domains. The response regulator carboxyl-terminal NarL-T25 and NarL-T18 fusions both were inactive for W(napF-lacZ) induction (Fig. 2b ) and for interaction with the corresponding NarX-CyaA hybrids (not shown), whereas the aminoterminal T18-NarL fusion was active in both assays (Figs.  2b and 4) . Analogous results were obtained with the analogous NarP fusions (not shown). Thus, fusion design is important for monitoring sensor-response regulator BACTH interaction output, as noted also for other systems, such as VraS-VraR (McCallum et al., 2011) and GraSGraR (Falord et al., 2012) .
By contrast, both amino-terminal and carboxyl-terminal T18 subdomain fusions to the NarL receiver domain (T18-NarL REC and NarL REC -T18, respectively) were active for BACTH interaction output with the NarX-T25 hybrid (Fig. 4 and not shown) . Indeed, the T18-NarL REC hybrid yielded the highest output values. Based on these results, we chose the T18-NarL REC plus NarX-T25 pair for our previously reported study examining interactions with NarX DHp domain missense mutants (Huynh et al., 2013) .
Interactions in the Nar cross-regulation network
Prior studies revealed that the Nar regulatory proteins engage in both cognate (e.g. NarX-NarL) and non-cognate (e.g. NarQ-NarL) interactions to control target operon expression Rabin & Stewart, 1993) . This provides a good example of cross-regulation (Laub & Goulian, 2007) . However, the interactions are asymmetrical: NarX and NarQ are equivalent substrates for NarL autophosphorylation and similar catalysts for phosphoNarL dephosphorylation. For NarP, by contrast, NarQ is more effective than NarX in both reactions Rabin & Stewart, 1993) (Fig. 1b) .
However, these experiments did not resolve the mechanism for differential regulation. The intuitive explanation is that regulatory asymmetry results from differences in direct binding (affinity) between sensor transmitter and response regulator receiver domains. Alternatively, the different pairs might simply exhibit different reaction rates (catalytic efficiency). Distinguishing these hypotheses is important for determining the mechanisms through which sensorregulator specificity determinants act.
Results from BACTH analysis support the former hypothesis (Fig. 4) . The NarQ-T25 hybrid generated high-level BACTH output in combination with either the T18-NarL or T18-NarP hybrids. By contrast, the NarX-T25 hybrid generated high-level BACTH output only in combination with the T18-NarL hybrid. These patterns held for both the full-length and receiver-only versions of the response regulator hybrid proteins. Thus, asymmetrical cross-regulation likely results from differential sensorregulator interaction affinities.
Note that BACTH output for the sensor-response regulator pairs was not influenced by nitrate (Fig. 4) , counter to our initial expectations (Huynh et al., 2013) . Upon reflection, however, one recognizes that sensor-regulator docking must occur not only for positive control (phosphotransfer) in the presence of signal, but also for negative control (dephosphorylation) in the absence of signal (Huynh & Stewart, 2011) . Both types of interaction are likely to be equally transient.
Differential interactions between NarX and full-length NarL versus the NarL receiver domain BACTH output for the combination of NarX-T25 plus T18-NarL consistently was significantly lower (Pv0.01; Student's t-test) than that for the combination of NarX-T25 plus T18-NarL REC (Fig. 4 ). Since this difference was not observed for combinations with NarQ-T25 (Fig. 4) , it is not due to structural interference by the T25 or T18 subdomains. Apparently, the BACTH output differential between the NarL full-length and receiver hybrid constructs results from inhibition exerted by the DNA-binding effector domain. One idea, elaborated below, is that effector domain binding influences receiver domain conformation to (slightly) decrease its affinity for the cognate DHp domain.
In the X-ray structure, unphosphorylated NarL displays an extensive interaction between the receiver and effector domains, in which the a6 linker helix packs against the effector domain to block access to target DNA (Baikalov et al., 1996) . The domain interface comprises residues in the linker helix a6, the a3-b4, a4-b5 and a5-a6 loops in 
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Vectors Zip NarL L-REC NarP P-REC NarL L-REC NarP P-REC Fig. 4 . BACTH output for cognate and non-cognate sensor-response regulator pairs. WT NarL and NarP response regulator sequences are full-length (NarL and NarP) or receiver domain only (L-REC and P-REC), and carry the T18 domain fused to the amino-terminus. The full-length WT NarX and NarQ sequences carry the T-25 domain fused to the carboxyl teminus. Cultures were grown in the absence or presence of nitrate (grey bars and black bars, respectively). Interactions were tested in strain VJS11768 (Dcya DnarL DnarP DnarX DnarQ). Controls: vectors, empty T18 and T25 vectors; Zip, T25-Zip and Zip-T18. Error bars show the SD of mean values determined from three independent assays.
the receiver domain, and the a7-a8 loop in the effector domain. Interdomain contacts are further enhanced by parts of the dimerization helix a10 and the recognition helix a9 (Eldridge et al., 2002) . During growth with nitrate, NarL receiver phosphorylation at the invariant residue Asp-59 releases the a6 helix, allowing the effector domain to dimerize along the a10 helix and reorient its recognition helix a9 into the DNA-binding groove (Eldridge et al., 2002; Maris et al., 2002; Zhang et al., 2003) . This dimerization is required for high-affinity DNA binding by NarL.
Among several residues involved in NarL interdomain interaction, Ser-80, located in the receiver domain a3-b4 loop, appears to have a key role (Eldridge et al., 2002) . This residue likely forms a hydrogen bond with Arg-203 in the dimerization helix a10, and potentially interacts with Lys-192 in the DNA binding helix a9. Tellingly, a previous selection for randomly generated narL constitutive mutants yielded two substitutions for Ser-80, S80L and S80P (Egan & Stewart, 1991) . Thus, alterations at Ser-80 may confer the constitutive phenotype by disrupting this inhibitory interdomain interaction.
In order to probe the relationship between receiver-effector domain binding and relative BACTH output for NarX interaction, we made three substitutions for NarL Ser-80: Ala, to remove side-chain residues beyond the a carbon; Lys, to substitute positive charge; and Glu, to substitute negative charge. All three substitutions conferred strong constitutive phenotypes, as revealed by elevated levels of uninduced W(napF Hi -lacZ) expression (Fig. 5a ). This supports the hypothesis, that the S80A, S80K and S80E substitutions converted NarL to a more open conformation competent for transcription activation even in the absence of phosphorylation.
Next, we used the BACTH system to test for interactions between the NarX-T25 hybrid and WT and Ser-80 substituted T18-NarL hybrids (Fig. 5b) . Each of the full-length mutant hybrids generated the higher BACTH output levels equivalent to that of the WT receiver domain hybrid. Thus, missense substitutions designed to abrogate inhibitory interdomain contacts within the response regulator also enhance interaction with the cognate sensor, supporting the overall hypothesis.
Receiver domain inhibition by the effector domain stabilizes the inactive state for diverse response regulators that function as transcriptional factors (Barbieri et al., 2010) . This functions to inhibit phosphorylation by metabolites such as acetyl phosphate, without influencing sensormediated phosphorylation (Barbieri et al., 2010; Da Re et al., 1999) . Indeed, NarX robustly phosphorylates NarL both in vivo and in vitro , so the relatively small effect on NarX-NarL interaction implied by the BACTH analysis, if genuine, would not meaningfully influence phosphoryl transfer between this cognate pair. By contrast to the NarX-NarL pair, BACTH output for the NarQ-NarL pair was not influenced by the presence or absence of the response regulator effector domain (Fig. 4) . Unlike NarX, NarQ does not discriminate strongly between the two response regulators (Fig. 1b) , implying that the interaction surface is less stringent. If so, then perhaps the NarQ-NarL interaction is less sensitive to the (subtle) conformational changes resulting from receivereffector domain interaction.
BACTH output for the NarQ-NarP pair likewise was not influenced by the presence or absence of the response regulator effector domain (Fig. 4) . This implies that NarP makes different interdomain contacts than NarL, a plausible supposition considering their substantial differences in primary sequence (less than 50% identity). Indeed, available structures for NarL-type response regulators, those containing a GerE effector domain, reveal nonconserved interdomain packing interactions (Leonard et al., 2013) .
